The pp → ppφ and quasi-free pn → dφ reactions have been studied at the Cooler Synchrotron COSY-Jülich, using the internal beam and the ANKE facility. Total cross sections in the pp entrance channel have been determined at three excess energies ǫ in the range of 18.5−75.9 MeV. In case of the pn entrance channel the energy dependence of the cross section up to 80 MeV has been extracted by exploiting the intrinsic momentum of the neutron inside a deuterium target. Taken together with data for ω-production, a significant enhancement of the φ/ω ratio for both entrance channels of a factor 8 is found compared to predictions based on the Okubo-Zweig-Iizuka rule.
Introduction
Meson production has the potential to clarify important questions of hadron physics in the non-perturbative regime of QCD. The production of the non-strange pseudoscalar mesons π(140), η(547), and η ′ (958) has been systematically studied in proton-proton and partially in proton-neutron interactions (see e.g. Ref.
1 ), whereas for the vector mesons the data base is comparatively sparse. The φ(1020)-meson is of particular interest because of its large mass, corresponding to a distance of two colliding nucleons ≈ 0.2 fm, and its dominant ss quark content.
The relative production rates of the isoscalar ω (consisting mainly of uū and dd) and φ mesons is interesting in view of the so-called Okubo-Zweig-Iizuka (OZI) rule 2 . This ratio may shed light on the strange-quark admixture in the nucleon 3 , if the production mechanisms are understood and similar in both cases 4, 5, 6 . Precise data in the near-threshold region are required since here only the lowest partial waves contribute, which simplifies the theoretical interpretation of the data.
Total ω-production cross sections have been measured in proton-proton collisions for excess energies ǫ from a few MeV up to several GeV 7, 8, 9, 10 . On the other hand, data for ppφ are very scarce; total cross sections have been obtained for ǫ ∼ (2 − 4) GeV 11, 12 , while at low excess energy a single measurement of total and differential cross sections has been made by the DISTO collaboration at ǫ = 83 MeV 9 . Lipkin predicted a φ-to-ω production ratio of R φ/ω = 4.2 ×10 −3 ≡ R OZI 13,14 . The DISTO φ data, in combination with the ω cross section of COSY-TOF at ǫ = 92 MeV 8 , yield an enhanced value of R φ/ω ∼ 7×R OZI . The differential distributions from DISTO indicate that φ production proceeds dominantly via the 3 P 1 (pp) entrance channel, though contributions of higher partial waves have also been seen. To clarify this, it is crucial to extend the measurements to such small excess energies that only the lowest partial waves can contribute. Such measurements have become feasible at the internal proton beam of the Cooler Synchrotron COSY at the Research Centre Jülich, using the ANKE target and detector facility described in Sect. 2.
In order to study all facets of meson production dynamics, it is necessary to investigate the isospin dependence by precision measurements in both pp as well as pn collisions. In the case of the η-meson, such experiments have revealed that the pn production cross section is over six times larger than that for pp 15 . Analogous φ data are important for nucleon-nucleon production models and also serve as crucial input in the interpretation of nucleon-nucleus, and nucleus-nucleus results, where in-medium effects are anticipated 16 . In Sect. 3 the ANKE results for φ production in proton-proton collisions at three beam momenta, corresponding to excess energies of ǫ = 18.5, 34.5 and 75.9 MeV, are summarized 17 . In Sect. 4 the results on the quasi-free pn→dφ reaction in the energy range up to 80 MeV are presented 18 . Our conclusions are to be found in Sect. 5.
Experimental set-up
The measurements were carried out at the ANKE magnetic spectrometer 19 situated at the internal beam of COSY. ANKE comprises three dipole magnets D1-D2, which guide the circulating beam through a variable chicane (see Fig. 1 ). Charged particles resulting from beam-target interactions are deflected by the central dipole D2 (1.6 T) onto the ANKE detector systems, on the left (right) side of the beam for negatively (positively) charged particles. The cluster-jet target can be operated with hydrogen (areal density ∼ 5×10 14 cm −2 ) and deuterium (∼ 3.4×10 14 cm −2 ) gas 20 . Both the pp→ ppφ and pn→ dφ reactions have been studied by detecting the K + K − decay of the φ mesons in coincidence, respectively, with one of the forwardgoing protons or with the forward-going deuteron. The overall missing masses in both channels were required to be consistent with the non-observed second proton in the first case, and the non-observed slow spectator proton, i.e. pd → dφ p sp , in the second.
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In the first step of the data analysis, positive kaons are selected through a procedure described in detail in Ref. 21 , using the time of flight (TOF) between START and STOP scintillation counters of a dedicated K + detection system. The forward-going protons or deuterons are identified from the time-of-flight differences between the STOP counters in the forward detector systems with respect to the K + STOP counter. Figure 2 shows, for the deuterium target, the absolute time difference between protons/deuterons and the K + TDC values versus the time difference reconstructed via the measured momenta of both particles. 
Detection System for Negatively Charged Ejectiles at ANKE
The ANKE experiments COSY-104 and COSY-147 (see Ref.
28 ) require the detection of K − mesons and for this a new detector system was constructed 29 supplementing the existing detectors for positively charged particles 19 . It is placed partly inside the return yoke of the C-shaped D2 dipole magnet (stray field up to ≈ 200 mT). At the maximum field of D2 (1.6 T), negatively charged ejectiles can be measured in the momentum range from 120 to 1000 MeV/c. The horizontal and vertical angular acceptances are (roughly): α hor = ±12
• ; α ver = ±8
• at 120 MeV/c and α hor = −2
• to 12
• , α ver = ±5
• at 1 GeV/c. Negatively charged pions can also be detected in this system so that, taken in combination with the positive detection systems, many additional reactions on elementary and nuclear targets can be investigated at ANKE.
For time of flight (TOF) measurements, the system contains 2 mm thin START and 10 mm and 20 mm thick STOP scintillator counters for the low and high momentum region respectively. The measured time resolution between the START and STOP counters is insufficient to distinguish between π − and K − with momenta above 500 MeV/c. To obtain a better particle separation -in particular for measurements on nuclear targets where the missing-mass technique generally cannot be used -dedicated curvedČerenkov counters have been installed in front of the high momentum STOP counters. Two multi-wire proportional chambersidentical to those on the positive side -are placed between the START and STOP counters for particle-momentum reconstruction. Figure 2 shows the absolute time differences between the assumed kaon particles. A clear separation of K + K − correlations from the K + π − background is possible on the basis of such plots.
The pp → ppφ reaction
To obtain total cross sections of φ-meson production, the average luminosity was determined through the simultaneous measurement of pp elastic scattering. At the lowest excess energy of ǫ=18.5 MeV this was cross-checked with an alternative method which determines the target density by measuring the frequency shift of the circulating proton beam due to its energy loss during the repeated passages through the target. Using the known beam current the luminosity can thus be determined 22 .
[MeV] ∈ 10 Fig. 3 . Total φ-and ω-production cross sections in pp collisions. The three lines show the energy dependence of three-body phase space including the effect of final-state-interaction (FSI) normalized to the ω (top) and φ (middle and bottom) cross sections. The middle line is normalized to the three low-energy ANKE points (stars), while the lowest line is fixed by the high energy φ cross sections. Figure 3 shows the ANKE φ-production cross sections at ǫ = 18.5 MeV, 34.5 MeV, and 75.9 MeV 17 together with DISTO result 9 and the data at high energies 11, 12 . The results for ω production are also indicated 7, 8, 10 . The three lines show the energy dependence of three-body phase space including the effect of pp final-state interaction (FSI), see Ref.
23 . The line in the middle is normalized to the three ANKE cross sections (stars) at low energies and clearly fails to describe the high energy φ data. For comparison the lowest line is fixed to pass through the high energy data. The φ/ω production ratio thus changes from ∼ (1 − 2.4) × R OZI at the high energies to ∼ 8 × R OZI in the near-threshold region.
The differential distributions at ǫ=18.5 MeV demonstrate the dominance of the transition from the 17 ). Whereas at ǫ = 83 MeV DISTO also observed the dominance of the 3 P 1 → 1 S 0 transition 9 , they did not see any indication of the pp FSI in their proton momentum spectrum, and this is essentially consistent with our findings at ǫ = 75.9 MeV. Figure 4 shows the dependence of the ANKE cross section at ǫ = 75.9 MeV on the pp relative momentum (light crosses) in comparison with a phase-space calculation (solid line). The DISTO distribution at slightly higher energy is also included. Taking both results together, it is tempting to ask what mechanisms might obscure the effect of final-state interactions at moderate excess energies. There could be contributions from higher partial waves, but more exotic explanations, such as the existence of a φN -resonance (see Ref. 23 ), have also been advocated.
The quasi-free pn → dφ reaction
In order to select quasi-free pn → dφ production from the measured pd → dφ p sp reaction, the missing mass of the (K + , K − , deuteron) candidates has been calculated and a gate put around the proton mass. The momentum distribution of the unobserved proton for the events in the φ mass region shows the expected distribution for a spectator (details are given in Ref.
18 ). The luminosity was derived from measurements of the effective target thickness and the beam current. Figure 5 shows the energy dependence of the quasi-free pn → dφ production together with the total cross sections obtained from pp → ppφ 17 . Though the pn → dφ cross sections are consistent with a phase-space √ ǫ behavior the kaon angular distributions show the presence of p waves at rather low energy 18 . Very close to threshold, isoscalar s-wave φpn production can be estimated from the dφ data using FSI theory 24 and this approach yields a ratio σ(pn → pnφ)/σ(pp → ppφ) ≈ 2.3 ± 0.5. Compared with η production 15 , the ratio is about three times smaller.
Conclusion and Outlook
As already noted the φ-to ω-production ratio in pp collisions is enhanced in the near-threshold region. With the existing pn → dω data measured at 57 +21 −15 MeV 25 , the production ratio at this energy is found to be σ(pn → dφ)/σ(pn → dω) = (4.0 ± 1.9) × 10 −2 ≈ 9 × R OZI . This value is similar to that found in the pp case, though the error bar is here much larger.
The combined results of φ-meson production in pp and pn collisions at ANKE allows one to resume theoretical works on the understanding of strangeness production. The enhanced φ/ω-production ratio in the near-threshold region may be a signal for additional dynamical effects related to the role of strangeness in few nucleon systems. For a more detailed discussion of the ANKE results in the pp and pn entrance channels we refer to Refs. 17, 18 . To clarify the partial wave contributions in pp collisions a new ANKE measurement has been performed and the number of detected φ mesons at ǫ = 75.9 MeV was increased from ≈ 200 up to several thousands (see Ref. 28 ). The analysis is in progress and the data will be also used to study a possible compact φp system 23, 26 .
